Since CNB1 is the sole regulatory subunit in the brain, interconnections with the hippocampus. In the amygdala, CNB was missing in almost all neurons in the lateral its deletion would lead to a loss of calcineurin activity. To further examine the expression of CNA and CNB and basolateral nuclei and partially missing in the basomedial nuclei, but it was present in the other amygdaproteins, we performed immunohistochemistry with anti-CNA and anti-CNB antibodies. Consistent with the loid nuclei. Interestingly, the distribution of the CNA protein followed closely that of the CNB protein, as in situ hybridization data, the CNB protein was undetectable beyond the background level in the cell body layer demonstrated in the double staining with both types of antibodies ( Figure 2A ). of CA1 and dentate gyrus and was substantially reduced in cortex, amygdala, and piriform cortex (Figure 2A ). In Figure 2B shows the hippocampal distribution of CNA in finer detail, which is identical to that of CNB (data not the cortex, CNB was missing in most neurons except for those located in layer 4. This pattern persisted shown). Since it is known that calcineurin is present in dendrites, axons, and cytosolic parts of soma but not throughout all cortical regions including entorhinal cortex, subiculum, and frontal cortex, which have direct in nuclei (Kuno et al., 1992), the expression pattern in the hippocampus could be delineated as follows in light six mice; Figure 3C ). A two-way ANOVA on these data confirmed that there is a significant main effect of genoof the known anatomy of the hippocampus. In stratum pyramidale of CA1, CNA was undetectable in the soma type at these frequencies (F[1,42] ϭ 5.167, p Ͻ 0.03). The consequences of different types of conditioning of all but a few pyramidal neurons. Consistent with this, there were few stained dendrites in stratum radiatum of stimulation are summarized in the frequency-response functions of Figure 3E . The modification function is CA1. The staining remaining in stratum radiatum and stratum oriens seems to come from the Schaffer collatshifted in the mutant mice, favoring LTP over LTD across a range of stimulation frequencies [highly significant at eral axons. In CA3, CNA was present everywhere except stratum lucidum where mossy fibers terminate. In strap Ͻ 0.005 for stimulation frequencies of 1, 10, and 40 Hz (F[1,68] ϭ 9.3, two-way ANOVA)]. Thus, deletion of tum lucidum the dendrites were still stained, indicating that in this area CNA is missing only in the mossy fiber calcineurin significantly altered the properties of bidirectional synaptic plasticity. Because calcineurin is deaxons. In dentate gyrus, the staining was missing in most granule cells. Thus, our data indicate that deletion pleted specifically on the postsynaptic and not on the presynaptic side of the Schaffer collateral-CA1 synapse, of the regulatory subunit, CNB1, leads to a loss of the CNA subunits and hence the calcineurin activity from these data support an essential role for postsynaptic calcineurin in bidirectional synaptic plasticity. CA1 and dentate but not from CA3 neurons. The loss of CNA may be due to degradation which may occur in Previous studies have demonstrated that depotentiation and homosynaptic LTD are both NMDA receptor the absence of the CNB subunit. dependent and have many common properties (Bear and Abraham, 1996). To examine depotentiation, we Impaired LTD But Normal LTP and Depotentiation at the Schaffer Collateral-CA1 Synapse induced maximal LTP by theta-burst stimulation (TBS), and LFS was delivered to induce depotentiation 30 min We carried out a series of electrophysiological recordings with a focus on the Schaffer collateral-CA1 after TBS ( Figure 3F 1 ). To better illustrate the extent of depotentiation, the potentiated fEPSPs from the final 10 synapse in hippocampal slices. LTD induced by lowfrequency stimulation (LFS, 900 pulses at 1 Hz) was min of LTP prior to delivery of LFS were renormalized to baseline and presented in Figure 3F 2 . Synaptic response significantly reduced in mutant slices (CN-KO: 92% Ϯ 4%, n ϭ 16 slices from four mice; control: 81% Ϯ 5%, was depressed to the same extent in both mutant and control slices (CN-KO: 68% Ϯ 5% of potentiated basen ϭ 12 slices from four mice; p ϭ 0.03, Student's t test; Figure 3A ). In contrast, no difference between genotypes line, n ϭ 13 slices from four mice; control: 71% Ϯ 3%, n ϭ 12 slices from four mice; p ϭ 0.78, Student's t test; was observed when LTP was elicited with strong conditioning stimulation (100 Hz, 1 s; CN-KO: 149% Ϯ 6%, Figure 3F 2 ). Thus in mutant slices, the same LFS that was unable to induce normal LTD in naive synapses n ϭ 11 slices from six mice; control: 152% Ϯ 6%, n ϭ 13 slices from six mice; p ϭ 0.73; Figure 3D ).
( Figure 3A ) fully reversed LTP when delivered 0.5 hr after TBS ( Figures 3F 1 and 3F 2 ) . Hence, calcineurin appears To study plasticity under conditions where the processes of LTP and LTD compete (near the LTD/P modifito be involved preferentially in synaptic depression de novo, but not in the processes that render LTP vulneracation threshold), we used a series of intermediate stimulation frequencies. A train of 900 pulses at 10 Hz ble to disruption for a few hours after induction. The average stimulating intensity needed to obtain revealed a slight potentiation in CN-KO (109% Ϯ 9%, n ϭ 10 slices from four mice) but not in control slices half-maximal fEPSP response was indistinguishable between the mutants and controls (CN-KO: 19.9 Ϯ 1.4 A, (96% Ϯ 5%, n ϭ 12 slices from four mice; Figure 3B ), and a train of 100 pulses at 40 Hz generated LTP that was n ϭ 22; control: 21.7 Ϯ 1.4 A, n ϭ 26; p ϭ 0.19, Student's t test), as was the fEPSP slope at half-max (CN-KO: greater in CN-KO (146% Ϯ 8%, n ϭ 11 slices from six mice) than in controls (128% Ϯ 6%, n ϭ 13 slices from 0.32 Ϯ 0.02 mV/msec, n ϭ 22; control: 0.36 Ϯ 0.03 mV/ msec, n ϭ 26; p ϭ 0.12). There was no difference in To determine the deactivation kinetics of NMDARmediated EPSCs, 30-60 evoked EPSCs were averaged, paired-pulse facilitation at all interstimulus intervals tested ( Figure 3G ), and PTP also appeared normal in and the weighted time constant w was calculated for each neuron. We found that NMDA current decay did the mutant slices as seen in the 100 Hz ( Figure 3D relearning. For this purpose the mice that had been trained were repeatedly exposed to the training chamber for several days. Mutant (n ϭ 16) and control (n ϭ Figure 6D ). Thus, the spatial reference memory required to perform the water maze task does not seem to be mice are not impaired in either contextual or cued fear conditioning ( Figure 5A ). We also examined whether the affected by the lack of calcineurin in the forebrain.
To assess the ability of relearning, these mice were knockout would affect memory extinction, a form of tially. The reduction of the escape latency in the second ence between genotypes was due to the difference in they are selectively impaired in hippocampus-dependent one-trial learning, which is essential for the acquisithe saving time ( Figure 7B ; p ϭ 0.009, Student's t test), indicating that CN-KO mice are impaired in one-trial tion of working/episodic-like memory, but that they are normal in reference memory acquisition in multitrial learning. The mutant mice swam slightly slower than the control mice ( Figure 7C, p ϭ 0.033, t test Previous studies with human patients indicated that the hippocampus is important for both episodic (event) and We also assessed the effects of the knockout on the spatial working memory version of the 8 arm radial maze semantic (fact) declarative memories (Squire, 1994) . In rodents, the hippocampus has long been recognized task, known to be dependent on the hippocampus ( by one trial and at the same time suppressing the interfering memory of the previous platform location. Like- Figure 8C shows that mutants and controls made similar numbers of omission errors, i.e., visiting an arm but wise, the inability of the mutant mice to reduce arm revisiting errors as the training proceeds in the radial not taking the food, at the beginning of the training but almost none subsequently, demonstrating that the maze ( Figure 8A ) indicates that they are impaired in this one-experience learning. mutants did not have a pronounced motivational impairment. That the mice used a spatial search strategy rather Our data revealed a clear dissociation between reference memory and working/episodic-like memory in the than a nonspatial serial search strategy is demonstrated in Figure 8D, Although we focused on the hippocampus for electroDiscussion physiological and behavioral studies, the knockout of calcineurin also occurred in some neocortical areas inIn this study, we produced a line of forebrain-specific, adult-onset calcineurin knockout mice and found that cluding the frontal cortex. Therefore, we cannot exclude and Brown University guidelines. All experiments were conducted On the training day (day 1), each mouse was placed in a shocking in a blind fashion. The genotypes were decoded only after all data chamber (Coulbourn Instruments) (Box A), and 160 s later, three had been collected and, in electrophysiological studies, after the tone-shock pairs were given at 1 min intervals. Each tone-shock data was analyzed for each individual slice. Statistical analyses were pair consists of a 20 s white noise tone (CS) followed by a 1 s conducted using Excel, StatView, or SAS. Values were expressed foot shock (US) at 0.75 mA. Afterwards, the mouse remained in the as mean Ϯ SEM. chamber for 60 s before being returned to home cage. On day 2, each mouse was placed back in Box A for 6 min for the measurement of freezing to the context. On day 3, each mouse was put in a white Acknowledgments plexiglass chamber (Box B), and 160 s later, three 20 s tones were delivered at 1 min intervals. Freezing during the first 160 s was We thank Matthew Wilson, Harel Shouval, Arnold Heynen, and Peter Dayan for critical discussions; many members of the Tonegawa, "pretone" in Box B, i.e., response to an unconditioned context, and freezing in the next 3 min and 20 s was the response to the tone. 
